ABSTRACT: Repeated pain during brain development can have long-term consequences in both humans and animals. We previously showed that maternal care provided to pups experiencing pain reduced adult pain sensitivity. This study tested whether sensory stimulation was responsible for this effect. Rat pups were either mother-reared controls (MR-CON) or artificially reared (AR) with minimal (AR-MIN) or maximal (AR-MAX) stimulation provided daily. In each rearing condition, pups were either uninjected or injected from postnatal day (PND) 4 to 14 with saline (0.9%) or formalin (0.2-0.4%). Pain behavior and paw inflammation were scored. Thermal sensitivity and responses to formalin were tested in adulthood (PND 70). AR neonates, irrespective of sensory stimulation received, exhibited a pain response (p Ͻ 0.001), even with a mild formalin dose. Maternal rearing reduced inflammation during the second week of life compared with AR pups (p Ͻ 0.05). Early pain exposure did not modify adult pain sensitivity. However, rearing altered adult pain sensitivity such that uninjected MR-CON rats had lower pain sensitivities than uninjected AR rats (p Ͻ 0.05). This suggests that the beneficial effects of maternal rearing can be obliterated if additional stimulation/stress occurs during the early neonatal period. In addition, this suggests that optimal level of maternal stimulation exists that determines adult pain sensitivity. (Pediatr Res 66: 272-277, 2009) M aternal care has numerous beneficial effects on attention, emotionality, and stress responsiveness in offspring (1,2). In particular, maternal presence can reduce pain sensitivity in neonatal rats (3) and have long-term consequences in adult offspring (4). In humans, skin-to-skin contact, or kangaroo care, between mother and infant, has been demonstrated to soothe preterm infants in neonatal intensive care units (NICU) during painful treatments (5,6). Thus, understanding the critical components of maternal care that are comforting is important for managing pain in preterm infants. In rats, maternal care occurs in a repertoire of behaviors including retrieving, licking, grooming, and crouching (7). Natural variations in the amount of licking and grooming provided to pups are a critical component of maternal care affecting development (8, 9) . In particular, we demonstrated that offspring from high licking and grooming mothers displayed lower thermal pain sensitivity compared with animals from low licking mothers, suggesting that tactile stimulation might be an important component mediating the maternal effect on adult pain sensitivity in rats (4). To examine the role of tactile stimulation on pup development, we used the artificial rearing (AR) paradigm, which allows control over different aspects of maternal stimulation and nest environment (10 -12). Dams lick the body and anogenital region of pups, serving thermoregulatory and excremental functions. In AR, this is mimicked with a paintbrush (11, 13, 14) . Experiments manipulating the amount of tactile stimulation received by offspring have shown that this essential component of maternal care influences development of attention (15), maternal behavior (13), and social skills (16). However, it is unknown whether tactile stimulation would modify pain perception in neonates and into adulthood. One aim of this study was to address this question using AR with varying levels of sensory stimulation.
M aternal care has numerous beneficial effects on attention, emotionality, and stress responsiveness in offspring (1, 2) . In particular, maternal presence can reduce pain sensitivity in neonatal rats (3) and have long-term consequences in adult offspring (4) . In humans, skin-to-skin contact, or kangaroo care, between mother and infant, has been demonstrated to soothe preterm infants in neonatal intensive care units (NICU) during painful treatments (5, 6) . Thus, understanding the critical components of maternal care that are comforting is important for managing pain in preterm infants. In rats, maternal care occurs in a repertoire of behaviors including retrieving, licking, grooming, and crouching (7) . Natural variations in the amount of licking and grooming provided to pups are a critical component of maternal care affecting development (8, 9) . In particular, we demonstrated that offspring from high licking and grooming mothers displayed lower thermal pain sensitivity compared with animals from low licking mothers, suggesting that tactile stimulation might be an important component mediating the maternal effect on adult pain sensitivity in rats (4) . To examine the role of tactile stimulation on pup development, we used the artificial rearing (AR) paradigm, which allows control over different aspects of maternal stimulation and nest environment (10 -12) . Dams lick the body and anogenital region of pups, serving thermoregulatory and excremental functions. In AR, this is mimicked with a paintbrush (11, 13, 14) . Experiments manipulating the amount of tactile stimulation received by offspring have shown that this essential component of maternal care influences development of attention (15) , maternal behavior (13) , and social skills (16) . However, it is unknown whether tactile stimulation would modify pain perception in neonates and into adulthood. One aim of this study was to address this question using AR with varying levels of sensory stimulation.
Many adult behavioral features can be greatly influenced by early experience and perinatal history in both humans and animals. In particular, preterm human neonates exposed to repeated noxious events can have behavioral changes lasting until young adulthood (17) (18) (19) . Because early stressors can modify the effect of sensory stimulation in AR animals (15), we determined whether concomitant application of repeated modest pain during the neonatal period in pups reared with or without mothers would alter pain sensitivity in adulthood. We chose to repeatedly administer low formalin doses during the first 2 weeks of life to best approximate the repeated inflammatory pain preterm infants experience in the NICU. The main objectives of this study were to determine whether i) the type and amount of sensory stimulation received by AR pups differentially affects growth, inflammation, and pain behavior compared with mother-reared pups and ii) maternal care has a long-lasting impact on adult pain thresholds in animals receiving different levels of pain early in life.
MATERIALS AND METHODS

Animals.
Rats were born and raised at the University of Toronto at Mississauga from a stock originally from Charles River Farms (St. Constant, Quebec, Canada). Animals were maintained under controlled lighting (12:12 h light:dark cycle, lights on at 08 00 h), humidity (50 -60%), and temperature (22°C) with food and water available ad libitum. Ten (60-to 90-d old) primiparous female Sprague Dawley rats were mated with sexually experienced males. On the day after birth, postnatal day (PND) 1, litters were culled to 10 males and 4 females, when possible. On PND 3, six males were removed from each litter and randomly distributed into two AR conditions. The four remaining male pups served as maternally reared (MR) controls (MR-CON). A total of 75 male rats were used, and the results of two cohorts were pooled. All the procedures were approved by the Animal Care Ethics Committees at the University of Toronto and McGill University and followed guidelines from the Canadian Council on Animal Care.
Surgery and artificial rearing. Pups were weighed and a topical anesthetic (EMLA) was applied to the cheek. A lead wire (stainless steel, 0.25 mm diameter) covered with polyethylene (PE) 10 tubing was used to pierce the cheek. The PE 10 tubing was reinforced with washers and glued into place. After the cheek cannulation, each AR pup was individually placed in a plastic cup (11 cm diameter ϫ 15 cm deep) with corncob bedding (Bed O'Cobs). The cups were placed in a water-filled tank with regulated temperature (34 -37°C). Pups were connected by the cheek cannula to a time-controlled infusion pump (Harvard Apparatus Syringe, PHD 2000), which administered an artificial milk diet (20) daily for 10 min every hour. On PND 3, the volume of milk infused was equal to 34% of the mean body weight per pump and increased by 2% per day. Every morning, pups were disconnected from the pumps and weighed. Cheek cannulas were flushed and new syringes were filled with fresh milk. In one cohort, a group of pups underwent surgery, and the cannula was removed before pups were returned to the mother (MR-SHAM). This group served to control for the effects of surgery. MR-SHAM animals (saline injected, n ϭ 2; formalin-injected, n ϭ 8) did not differ from MR-CON animals on all the parameters tested; thus the results were omitted for clarity of presentation.
Groups and treatments. AR rats were randomly assigned to either the artificially reared minimal stimulation (AR-MIN) or artificially reared maximal stimulation (AR-MAX) group. AR-MIN animals received two 30-s anogenital stimulations daily using a wet camelhair paintbrush (morning and evening). This was done to stimulate urination and defecation and to limit sensory stimulation. AR-MAX animals received the same anogenital stimulations with five additional 1 1 ⁄2-minute body stimulations (whole body stimulation excluding the anogenital region) with a dry camelhair paintbrush. A minimum of 1 h occurred between body stimulations. Stimulations occurred daily from PND 3 to 16. However, on PND 3, only three body stimulations and one anogenital stimulation were given due to the surgical procedure. On PND 18, AR pups were removed from the pumps and weaned onto a mixture of artificial milk and powdered chow. On PND 22, both AR and MR rats were weighed and pair housed with a same sex conspecific. Rats remained undisturbed until adult testing.
Early pain treatment. Animals in the AR and MR-CON rearing conditions were further randomly assigned to three early life treatment groups: i) no injection (UI), ii) saline injection (SAL) or iii) formalin injection (FOR) for a total of nine experimental groups: AR-MIN-FOR (n ϭ 9), AR-MIN-SAL (n ϭ 8), AR-MIN-UI (n ϭ 6), AR-MAX-FOR (n ϭ 7), AR-MAX-SAL (n ϭ 9), AR-MAX-UI (n ϭ 8), MR-CON-FOR (n ϭ 10), MR-CON-SAL (n ϭ 9), and MR-CON-UI (n ϭ 9). Formalin or saline injections (10 L) were administered in the footpad of the hindpaw twice daily (morning and evening) between PND 4 and 14. Formalin doses were 0.2% from PND 4 to 8 and 0.4% from PND 9 to 14. The injected paw was alternated daily as previously described (21) . AR animals were disconnected from the pumps and brought into the injection room. AR-MIN animals received an injection and were placed back into the cups without additional stimulation. To simulate maternal care, AR-MAX animals received an anogenital stimulation and a body stimulation immediately following morning injections and only a body stimulation after evening injections. Pain behavior of AR injected pups was observed and scored every 3 min for 15 min after each injection. Pups were reconnected to the pump following observations. The pain scoring scale was as follows: 0 ϭ normal, 1 ϭ favor, 2 ϭ lifting paw, 3 ϭ lick/shake/flinch the paw, 4 ϭ paw in mouth. MR animals were brought into the injection room with the dam and litter, injected, and immediately placed back in the nest. Since mothers typically hover rapidly after pup treatment, it was not possible to unequivocally score pain behavior of MR-CON pups.
We recorded daily paw inflammation, before morning injections, using the following inflammation rating scale: 0 ϭ normal, 1 ϭ red or swollen paw, 2 ϭ inflamed paw (red and swollen). Both left and right hind paws were scored from PND 5 to 14.
Determination of thermal sensitivity using Hargreaves test. From PND 66 to 69, all animals were habituated to the Hargreaves testing chambers (six boxes, 11 ϫ 5 ϫ 20 cm; IITC Life Sciences Inc, Woodland Hills, CA) for 5-min each day. Between PND 70 and 74, rats were tested for thermal sensitivity using the Hargreaves test (22) . Animals were allowed to acclimate for 5 min before testing. Light beam intensity was set to 30% for higher sensitivity (4) and room temperature was maintained at 22°C. The light beam was focused and alternated between left (three trials) and right (three trials) hind paws across six trials. Latency to lift paw was measured as the time between the start of the light beam until the animal lifted its paw. Animals were returned to their home cage after testing.
Inflammatory pain. Between PND 77 and 87, behavioral pain response to formalin was tested. Four rats were tested concurrently and randomly in each trial. Animals were s.c. injected (10 L) in the plantar surface of the hind paw with either formalin (2.5%) or saline (0.9%). The solution and injected paw were counterbalanced across two test days separated by an 8-to 10-d interval. Immediately after the injection, animals were placed in individual Plexiglas chambers (30 ϫ 15 ϫ 30 cm) set on a glass plate above a mirror for observations. A program provided by Dr. F. Abbott (Department of Psychiatry, McGill University) was used to score three behavioral categories: i) pain (normal, favor, lift, and lick/shake/flinch), ii) behavioral activity (sleep, groom, locomotion, etc.), and iii) physiological state (normal, piloerection, and sickness) (21) . Behavior was scored every minute for 60 min. In one of the cohorts, two observers (one blind to neonatal treatment) scored behavior independently to establish interrater reliability, which was above 88%.
Statistical analysis. All results are expressed as means Ϯ SEM. Results were analyzed by two-or three-way analysis of variance (ANOVA) depending on the experimental design and using neonatal treatment group (UI, SAL, FOR), rearing condition (AR-MIN, AR-MAX, MR-CON), and repeated age intervals as factors. When significant interactions were found, they were separated into simple main effects. Post hoc pairwise contrasts were conducted using Tukey's honestly significant differences test. Significance level was set at p Ͻ 0.05.
RESULTS
Pup growth and effect of rearing condition. At the time of cannulation, all pups had similar body weights. Regardless of treatment, body weight gain was slower in AR pups compared with MR pups from PND 4 to 14 (Fig. 1) . In each rearing condition, a two-way ANOVA confirmed that there was no significant effect of treatment (SAL, FOR, or UI) or time ϫ Pup pain responses to neonatal formalin injection. Pain scores were recorded for 15 min after injection but only in AR pups. MR pups were not observed because scores would be confounded by maternal behavior. Morning and evening pain scores did not differ between treatment and rearing conditions (data not shown). A low formalin dose (0.2% from PND 4 to 8 and 0.4% from PND 9 to 14) significantly increased pain scores compared with saline at all ages (Fig. 2) . A three-way ANOVA with repeated measures of pain scores across age showed significant effects of treatment (formalin, p Ͻ 0.001) and age (p Ͻ 0.001) but not sensory stimulation intensity (AR-MIN versus AR-MAX, p ϭ 0.226). Cumulative pain scores increased with age, partly due to the expansion of the repertoire of behavioral responses with developmental age.
Effect of maternal care on paw inflammation. Both paws of all pups were scored for inflammation every morning. No significant inflammation 24 h after treatment was found in saline injected pups among all rearing conditions (data not shown). Redness and swelling occurred in paws of formalin treated animals 24 h after injection in all rearing conditions (Fig. 3) , although inflammation decreased significantly with age (p Ͻ 0.001), even when the formalin dose increased (PND 9 -14). A three-way ANOVA demonstrated a significant age effect (p Ͻ 0.001) and a near significant maternal rearing effect (p ϭ 0.0761) on paw inflammation. MR-CON pups had a significantly lower inflammation score on postnatal days 9, 11, and 12 (p Ͻ 0.05) compared with both AR groups, indicating that the mother can reduce inflammation.
Effect of rearing condition on pain sensitivity of adult offspring. Offspring from all neonatal treatment groups and rearing conditions were tested in adulthood for sensitivity to thermal pain using the Hargreaves test and inflammatory response to formalin injection. In the Hargreaves test, no significant difference in paw withdrawal latency was found between left and right paws, thus measures were pooled for each animal. Among UI offspring, MR-CON animals displayed longer latencies than AR-MAX animals (p ϭ 0.038, Fig. 4C ). For animals that received neonatal saline (Fig. 4A) or formalin (Fig. 4B ) treatment, this difference was not observed suggesting that the rearing condition effect was abolished by early stimulation (handling and injection).
In adulthood, rats exhibited significantly greater pain responses when acutely injected with formalin compared with saline (p Ͻ 0.001) across neonatal treatments and rearing conditions. Pain behavior after the saline (Fig. 5A ) and formalin (Fig. 5B ) injection was scored every minute for 60 min. Cumulative scores over 5-min intervals were calculated for offspring originating from the neonatal treatments (UI, SAL, FOR) and rearing conditions (AR-MIN, AR-MAX, MR-CON). Rats from all groups showed the typical biphasic pain response to formalin injection with an initial phase from 1 to 8 min and a second, prolonged phase, from 9 to 60 min (data not shown). For the second phase, we computed an integrated value of the overall pain score by calculating the area under the curve (AUC) (Fig. 5B) . A two-way ANOVA indicated a significant treatment effect (F(2,70) ϭ 3.4, p ϭ 0.04) and a near significant effect of rearing condition (p ϭ 0.068) on integrated pain scores. The interaction between neonatal treatment and rearing condition was not significant. For each subject in both AR groups, the AUC was expressed as a percentage of the value obtained for MR-CON offspring in each of the two cohorts pooled (Fig. 5C) . A two-way ANOVA showed a main effect of rearing condition (F(2,69) ϭ 3.24, p ϭ 0.046), but no treatment effect or interaction between neonatal treatment and rearing condition. In all neonatal treatment groups, adult pain behavior in AR rats was higher than in MR-CON rats although the difference reached significance only in UI offspring (p Ͻ 0.05).
DISCUSSION
Evidence from human and animal literature suggests that maternal care is beneficial for reducing offspring pain sensi- tivity, whether pain exposure occurs during developmental periods or in adulthood. In a recent study on rats, we demonstrated that adult offspring from low licking and grooming mothers displayed higher thermal pain sensitivity than those from high licking and grooming mothers (4), suggesting that the amount of sensory stimulation the mother provides might be an important factor modulating later pain responsiveness. In this study, we investigated whether licking-like stimulation provided to AR pups would be sufficient to reduce long-term sensitivity to thermal and inflammatory pain. We also evaluated whether variation in the type and quantity of sensory stimulation provided to neonatal rat pups would modify the consequences of early pain exposure. Our results showed that in groups not exposed to the neonatal stress of injections, maternal rearing reduced sensitivity to both thermal and inflammatory pain. Moreover, contrary to our prediction, AR-MAX rats exhibited higher pain sensitivity in adulthood than AR-MIN rats. Repeated neonatal injections, both saline and formalin, did not affect adult pain sensitivity to formalin in this study, which contrasts other studies using different models of early pain (23) . However, exposure to neonatal stressors completely eliminated the effects of rearing on adult pain sensitivity although, overall, there was a trend for higher pain sensitivity in the AR groups.
The reduced pain sensitivity in MR compared with AR adult animals was observed after tests of thermal pain sensitivity or formalin injection, however, only in animals UI during the neonatal period. In UI animals, the AR-MAX group was more sensitive to pain compared with MR-CON and AR-MIN. The potentiating effect of high levels of tactile stimulation coupled with AR on pain sensitivity, although counter to our prediction, is not without precedence. Previous data suggests that an optimal amount of sensory input received by AR rats restores some, but not all, deficits due to AR. For instance, AR-MIN animals showed an enhanced startle response (15) and amphetamine-induced locomotion (11) compared with MR-CON rats. These deficits were eliminated in AR-MAX animals. However, in experiments coupling prenatal stress and AR, receiving an "optimal" level of sensory stimulation (AR-MAX) produced more locomotor activity than the AR-MIN condition (15) , suggesting that more licking-like stimulation was too intense for these prenatally stressed animals. We suspect that a similar phenomenon is occurring in our UI group, although it is unclear why neither the saline nor the formalin groups, which were subjected to stress from injections and pain, did show the same responses to sensory stimulation. Our finding of greater negative effects of additional sensory stimulation (AR-MAX) on adult pain sensitivity is, however, consistent with human preterm infant studies, suggesting that specific types of sensory stimulation can have detrimental effects on physiologic and behavioral regulation (24) .
Although some animals received a painful stimulus (formalin) early in development, we did not observe the development of pain sensitization to thermal or inflammatory pain. This contrasts with our earlier work, which documented sensitization of adult pain responses to formalin, but not thermal pain, in neonatal pups exposed to formalin (4) . It is possible that we are at the threshold for detecting a reliable early formalin effect. If higher concentrations of formalin were administered neonatally, more consistent sensitization may be produced. To mimic the degree of repeated pain experienced by preterm infants subjected to multiple heel sticks daily in the NICU, we purposely chose a lower dose of formalin (0.2-0.4%) than is typically used in neonatal rat experiments to induce strong pain and/or inflammation (25, 26) . Despite using low formalin concentrations, we found that young animals injected with formalin, but not saline, exhibited significant behavioral pain responses during the treatment period. We also found that over time, pain scores intensified. The age-related increase in pain scores reflects the maturation of nociceptive pathways and receptor fields in neonates (27) (28) (29) and their expanding behavioral repertoire (30) .
Although neonatal injections alone did not affect adult pain sensitivity, it is clear that they did modulate rearing condition effects. Maternal rearing did not significantly reduce adult pain sensitivity in the injected groups. It is possible that additional handling and arousal from the injection procedure may have obliterated any effects of licking-like stimulation provided immediately after injections to AR-MAX pups and those provided daily to both AR groups. As previously shown, mothers rapidly retrieve pups after an injection followed by licking and grooming before taking a nursing posture that reduces pup arousal. Even though the stimulation procedure was designed to mimic mother's sensory stimulation, we observed that AR pups maintained a higher degree of arousal for longer periods after injection compared with MR-CON counterparts. Whether AR pups adapted to a higher degree of stress and arousal allowing them to better cope with pain in adulthood requires further investigation.
Maternal rearing effects were seen during the neonatal period and adulthood. Inflammation levels after formalin injections were significantly reduced in MR compared with AR animals, regardless of the intensity of licking-like stimulation provided. This reduced inflammation, most significant during the second week of the injection period, might be attributed to increased maternal licking of the inflamed paw. Another possibility is that formalin-treated pups increased ultrasonic vocalizations to stimulate maternal care (31) . Indeed, we demonstrated earlier that pups subjected to pain stimulate higher licking and grooming from their mothers (32) . Littermates may also serve a beneficial role in reducing arousal and stimulating a more rapid return to baseline after painful procedures. AR studies on rats have demonstrated the beneficial role of littermates in reducing some of the negative consequences of being reared in isolation, such as those on social learning (16) .
In conclusion, we have shown the beneficial effects of maternal care to reduce formalin-induced inflammation early in life and lowering pain sensitivity in adulthood, specifically in animals not exposed to neonatal stress. In addition, we have provided support for low formalin concentrations as an adequate experimental protocol to trigger significant pain responses in neonatal rats. This is important because lower doses may more realistically represent the repeated procedural pain experienced by preterm infants in the NICU. In rats, maternal care is important in establishing thermal pain thresholds (4) and in humans, kangaroo care, skin-to-skin contact between mother and infant, has been demonstrated to calm infants experiencing pain (6) . Our study emphasizes the importance of maternal care during the neonatal period, although additional studies are required to determine which components of the mother care repertoire are critical in modulating long-term physiologic and behavioral responses of offspring.
